NMDA glutamate receptor antagonists are used in clinical anesthesia, and are being developed as therapeutic agents for preventing neurodegeneration in stroke, epilepsy, and brain trauma. However, the ability of these agents to produce neurotoxicity in adult rats and psychosis in adult humans compromises their clinical usefulness. In addition, an NMDA receptor hypofunction (NRHypo) state might play a role in neurodegenerative and psychotic disorders, like Alzheimer's disease and schizophrenia. Thus, understanding the mechanism underlying NRHypo-induced neurotoxicity and psychosis could have significant clinically relevant benefits. NRHypo neurotoxicity can be prevented by several classes of agents (eg antimuscarinics, non-NMDA glutamate antagonists, and ␣ 2 adrenergic agonists) suggesting that the mechanism of neurotoxicity is complex. In the present study a series of experiments was undertaken to more definitively define the receptors and complex neural circuitry underlying NRHypo neurotoxicity. Injection of either the muscarinic antagonist scopolamine or the non-NMDA antagonist NBQX directly into the cortex prevented NRHypo neurotoxicity. Clonidine, an ␣ 2 adrenergic agonist, protected against the neurotoxicity when injected into the basal forebrain. The combined injection of muscarinic and non-NMDA Glu agonists reproduced the neurotoxic reaction. Based on these and other results, we conclude that the mechanism is indirect, and involves a complex network disturbance, whereby blockade of NMDA receptors on inhibitory neurons in multiple subcortical brain regions, disinhibits glutamatergic and cholinergic projections to the cerebral cortex. Simultaneous excitotoxic stimulation of muscarinic (m 3 ) and glutamate (AMPA/kainate) receptors on cerebrocortical neurons appears to be the proximal mechanism by which the neurotoxic and psychotomimetic effects of NRHypo are mediated.
Introduction
Excessive activation of NMDA glutamate receptors triggers neuronal degeneration in acute brain injury conditions, such as stroke, head trauma and epilepsy, and NMDA antagonists confer protection against such degeneration. However, NMDA antagonists have significant side effects. In adult humans they trigger psychosis, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and in adult rats they produce neurotoxicity. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Developing methods for controlling or preventing these adverse reactions is an important goal, as it may permit the therapeutic potential of these agents to be realized.
In addition to the above, there are other important reasons for studying these effects of NMDA antagon-ists. Because the psychotic reaction triggered by these agents resembles the psychotic manifestations of schizophrenia, 1, 2 exploring the mechanisms by which these drugs disrupt neural circuitry may shed new light on the nature of the network disturbances operative in schizophrenia. 22, 23 NMDA receptor hypofunction (NRHypo), the condition induced in the brain by NMDA antagonist drugs, is a condition that is endogenously present in the aging brain, [24] [25] [26] [27] and is present to an exaggerated degree in the brains of patients with Alzheimer's disease (AD). 28 For this reason, and because of certain parallels between the pattern of neurodegeneration in AD and the pattern induced in rat brain by NMDA antagonists, it has been proposed that NRHypo may act in concert with amyloidogenic mechanisms to drive the neuropathological process in AD. [29] [30] [31] Finally, it is important to understand both the pathogenesis and ways of preventing NRHypo neurotoxicity, because certain drugs used in clinical anesthesia (ie ketamine and nitrous oxide (laughing gas)) are NMDA antagonists.
The pathomorphological changes induced by
NRHypo have been shown to be either reversible or irreversible, depending on how long NMDA receptor blockade is maintained. Changes induced by a low dose of an NMDA antagonist are reversible, are regionally selective for neurons in the retrosplenial cortex (RSC 32 ), and consist of vacuolar changes in mitochondria and endoplasmic reticulum. 11 A high dose, or more prolonged treatment, triggers irreversible neurodegeneration affecting neurons not only in RSC, [12] [13] [14] [15] [16] but also in several other cerebrocortical and limbic brain regions. [17] [18] [19] 21 After finding in early experiments, that two classes of drugs-GABA A agonists and muscarinic cholinergic antagonists-were effective in blocking the reversible neurotoxic reaction, we proposed ( Figure 1 ) that the mechanism involves loss of GABAergic inhibitory control over excitatory cholinergic neurons that innervate RSC neurons, with excessive cholinergic stimulation of RSC neurons being the proximal mechanism of neuronal injury. 13 Subsequent findings have implicated several other transmitter receptor systems in the neurotoxic reaction, [33] [34] [35] suggesting that the underlying mechanism may be much more complex. In the present study, we have undertaken a series of additional experiments designed to determine more definitively the receptor mechanisms and complex neural circuitry that mediate NRHypo neurotoxicity.
Materials and methods

Methods
Adult female Sprague-Dawley rats were anesthetized with isoflurane to permit stereotaxic injection of neuroactive substances through a burr hole into the RSC (AP: −5.5, ML: +0.8, DV: −1.6 36 ), anterior cingulate cortex (AP: +1.2, ML: +0.4, DV: −2.0), the isocortex lateral to RSC (AP: −5.6, ML: +4.0, DV: −2.0), vertical limb of Figure 1 Circuitry originally proposed to mediate NRHypo neurotoxicity. Based on early evidence that NRHypo neurotoxicity could be blocked by GABA A agonists or muscarinic cholinergic antagonists, we proposed a simple wiring diagram to explain NMDA antagonist neurotoxicity. It was postulated that blockade of NMDA receptors on GABAergic interneurons inactivated these neurons, thereby disinhibiting release of ACh at a muscarinic receptor on the RSC neuron as the proximal mechanism of injury. ACh = acetylcholine; Glu = glutamate; GABA = ␥-amino butyric acid; G A = GABA A subtype of GABA receptor; mr = muscarinic cholinergic receptor; NMDAr = NMDA subtype of Glu receptor.
Molecular Psychiatry the diagonal band of Broca (AP: +0.7, ML: +0.2, DV: −7.4), horizontal limb of the diagonal band of Broca (AP: −0.26, ML: +1.8, DV: −9.0), nucleus basalis (AP: −1.4, ML: +2.4, DV: −7.0), nucleus accumbens shell (AP: +1.0, ML: +0.8, DV: −7.4), or locus coerulus (AP: −9.8, ML: +1.3, DV: −7.2). Glass micropipettes pulled to an orifice diameter of approximately 25-50 m were used for the microinjections. In experiments entailing injections of protective agents into cortex, the agent of interest was injected in a volume of 1.0 l. For noncortical areas the injectate volume was 0.1 l. Immediately after the intracranial injection, the scalp wound was closed, anesthesia was discontinued and MK801 was administered subcutaneously (sc) in a dose (0.5 mg kg ) sufficient to induce a robust vacuole reaction in RSC. When isoflurane anesthesia is terminated immediately prior to the time of MK801 administration, it does not interfere with the neurotoxic reaction 37 because isoflurane is rapidly cleared by the lungs. Four hours after the injection of MK801, the animals were deeply anesthetized with chloral hydrate and perfused with fixative (4% paraformaldehyde, 1.5% glutaraldehyde in phosphate buffer at pH 7.0) through the ascending aorta. The brains were cut into 1-mm thick transverse slabs which were post fixed in osmium tetroxide (1%), dehydrated in a series of ethanols, cleared in toluene and embedded flat in araldite.
For light microscopic evaluation, histological sections were cut 1 m thick with an MT 2C Sorvall Ultratome using 0.5 inch wide glass knives. These sections were stained with a mixture of methylene blue and Azure II for light microscopic evaluation. The brains were sectioned at several rostrocaudal levels to permit localization of the injection site and quantitative evaluation of the vacuole reaction in RSC. For the latter purpose, depending on the site of injection, vacuolated neurons were counted bilaterally at one of two different levels. For those animals that received the injection into the RSC, counts were obtained from the section closest to the injection site (Figure 2a ). For injections outside of the RSC, counts of injured neurons from the RSC were obtained at the level where the neurotoxic reaction is known to be most severe (approximately 5.5 mm caudal to Bregma, a level which is easily located because it is where the corpus callosum ceases decussating across the midline; Figure 2g ). The investigator quantifying the reaction was blind to the treatment conditions. Percent protection was calculated by dividing the mean of vacuolated neurons on the side ipsilateral to the injection site by the mean number on the contralateral side. The result was subtracted from 1 and multiplied by 100.
For electron microscopy, ultrathin sections were cut and suspended over a formvar coated slot grid (1 × 2 mm opening), stained with uranyl acetate and lead citrate and viewed in a JEOL 100 C transmission electron microscope.
In those experiments investigating the ability of certain agent(s) to mimic NMDA antagonist neurotoxicity when injected directly into RSC, the protocol was as described above except that systemic administration of MK801 was omitted. Except for the cyclothiazide experiments, the total injected volume was 1.0 l, regardless of the number of agents injected. For the cyclothiazide experiments cyclothiazide was injected separately in a volume of 1.0 l. In these experiments, the brains were sectioned at several rostrocaudal levels to permit localization of the injection site and quantitative evaluation of the vacuole reaction in RSC. Counts of injured neurons were obtained from the section closest to the injection site.
Based upon previously obtained data, for each protective agent we hypothesized that a specific region mediated its protective effect-diagonal band for clonidine, RSC for scopolamine, NBQX and rimcazole. For each of these region-agent combinations, an ANOVA model with two independent factors, treatment condition and side, and one dependent measure, severity of neurotoxicity was used to evaluate the data. For those ANOVAs with a significant interaction term, the ANOVA was decomposed to determine if there was a significant effect of condition on the ipsilateral side. For those experiments that had multiple doses of the active compound, significant findings were further analyzed with planned comparisons to determine which dose was most likely to explain the finding. For each region-agent combination other regions were subsequently tested as controls in order to demonstrate the specificity of the finding. Anterior cingulate and isocortex lateral to the RSC were examined for rimcazole, scopolamine and NBQX. Medial septum, nucleus basalis, locus coeruleus, nucleus accumbens, RSC and anterior cingulate were examined for clonidine.
Previously we found that numerous antimuscarinic agents can block NRHypo neurotoxicity and we ranked these agents in order of their ED 50 blocking potencies. Clonidine also provided statistically significant protection (P = 0.0001) in the RSC on the side ipsilateral as compared to the side contralateral to the injection site. The numbers in parentheses indicate the number of animals in each condition.
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Five different molecular subtypes of the muscarinic receptor have been cloned and numerous antimuscarinic agents have been studied by Bolden and colleagues 38 for their in vitro binding affinities to each of the five muscarinic receptor subtypes. In order to explore which muscarinic receptor subtype may be involved in the neurotoxic reaction, we compared the order of potencies of antimuscarinic agents for blocking NMDA antagonist neurotoxicity with their order of binding affinities to each of the muscarinic receptor subtypes. To judge statistical significance of these comparisons, we used the conservative Spearman correlation coefficients test which does not make assumptions about the underlying data. 
Results
Receptor identification and localization experiments
Non-RSC localization of NMDA receptor To determine whether the NMDA receptors through which NMDA antagonist drugs trigger a neurotoxic reaction in RSC are located in the RSC, we injected the powerful NMDA antagonist, MK801 (0.5 nmoles and 5 nmoles) directly into the RSC. As Table 1 indicates, this did not cause neurotoxic changes in RSC neurons. Since this amount of MK801 should effectively block all NMDA receptors in the RSC, these findings indicate that systemic MK801 interacts with NMDA receptors in non-RSC brain regions to produce the RSC neurotoxic reaction. It must also be assumed that at least two neurons-the injured RSC neuron and an NMDA receptorbearing neuron located outside of the RSC-are involved in this neurotoxic syndrome.
RSC localization of muscarinic receptor
Previously we have demonstrated that a series of muscarinic antagonists, when administered systemically, prevent MK801 neurotoxicity, the most potent agent in this series being scopolamine. 13 In the present study we injected scopolamine directly into RSC and found that it dose dependently prevented the MK801-induced vacuole reaction in RSC neurons (Figures 2a-d) . A dose of 0.01 nmol provided 67% blockade of the toxic reaction ipsilateral to the injection site (P Ͻ 0.05; Figure 2d) . Injections of scopolamine into more distal cortical areas (adjacent isocortex (n = 6) and anterior cingulate (n = 6)) did not significantly reduce the toxic reaction on the ipsilateral compared to the contralateral side (P Ͼ 0.25). These observations suggest that hyperactivation of a muscarinic receptor in RSC is a 38 have evaluated the affinity of various muscarinic antagonists for binding to each of the five molecular subtypes of muscarinic receptors. We previously had evaluated the potencies of each of the same muscarinic antagonists for blocking NRHypo neurotoxicity. 13 Comparing the order of potencies of these muscarinic antagonists for blocking NRHypo neurotoxicity with their order of binding affinities, a significant correlation was found only for the m 3 receptor subtype (r = 0.865; P Ͻ 0.05; Table 2 ). Therefore, we tentatively propose that the cholinergic contribution to the neurotoxic mechanism may be mediated via the m 3 receptor subtype.
RSC localization of non-NMDA glutamate receptor
In addition to inducing vacuolization of RSC neurons, NMDA antagonists also trigger abnormal expression of heat shock protein (Kd 72) in the same RSC neurons, 13, 40 both responses being apparently a manifestation of the same toxic process. Sharp and colleagues have found that DNQX, a non-NMDA receptor antagonist, when administered systemically, can block PCPinduced HSP-72 expression, 41 which suggests that a non-NMDA receptor could be involved in the neurotoxic reaction. We have confirmed this by two approaches: (1) to MK801-treated adult rats, we systemically administered NBQX, another antagonist of the non-NMDA receptor (30 mg kg −1 , sc × 3 doses), and found that it confers 75% protection against NRHypo neurotoxicity (P = 0.02; Figure 3) . (2) We also injected NBQX directly into RSC and found that it produced a significant dose-dependent reduction in the vacuole reaction on the ipsilateral side. A dose of 0.25 nmoles suppressed the neurotoxic reaction on the ipsilateral side by 53% (P Ͻ 0.05, Figure 2d ). Injecting NBQX into the anterior cingulate (n = 7) or adjacent lateral isocortex (n = 6) did not significantly influence the neurotoxic reaction in RSC (P Ͼ 0.25 for both locations), indicating that the non-NMDA receptor being blocked by NBQX is located in the RSC. These findings suggest that hyperactivation of a non-NMDA glutamate receptor in RSC is also a critical factor in the mediation of NRHypo neurotoxicity. Consistent with this interpretation is a recent report that NRHypo causes excitatory amino acid release in RSC. 
RSC localization of sigma site/receptor
In prior experiments, rimcazole and DTG, both relatively selective but not very potent sigma ligands, blocked NRHypo neurotoxicity when injected systemically. 33 Another sigma ligand, (+)SKF-10,047, counteracted this blocking action. In the present experiments, when rimcazole was injected directly into the RSC, it dosedependently suppressed the vacuole reaction ipsilateral to the injection (Figure 2d) . A dose of 50 nmoles provided 76% blockade of the toxic reaction ipsilateral to the injection site (P Ͻ 0.005). Injections into anterior cingulate (n = 6) and adjacent lateral isocortex (n = 7) were ineffective (P Ͼ 0.25 for both locations) in blocking the RSC neurotoxic reaction. These findings indicate that the RSC is the site of action of rimcazole and suggest that a sigma recognition site in the RSC is involved in the circuitry that mediates NRHypo neurotoxicity.
Basal forebrain localization of ␣ 2 adrenergic receptor Previous studies have shown that a series of ␣ 2 adrenergic agonists, when administered systemically to adult rats, prevent the neurotoxic action of NMDA antagonists. 34 Moreover, in microdialysis studies we have demonstrated that the release of ACh in RSC induced by systemic MK801 is suppressed by systemic administration but not by direct intra-RSC injection of the ␣ 2 adrenergic agonist, clonidine. 39 This latter result indicates that the ␣ 2 adrenergic receptor with which clonidine interacts to suppress the release of ACh in RSC is not located within the RSC. Consistent with the microdialysis result, in the present study direct injection of clonidine into the RSC at a dose of 1 nmole (n = 6) did not provide neuroprotection (Figure 2d ; P = 0.35) against MK801 neurotoxicity in RSC. If the ␣ 2 adrenergic receptors are not located within the RSC, the most likely place where they might be located would be in the basal forebrain where the vast majority of cortical-projecting cholinergic cell bodies reside. 43, 44 These cholinergic cell bodies are dispersed over a large area but tend to cluster within four major zonesMolecular Psychiatry medial septal nucleus, vertical limb of the diagonal band of Broca, horizontal limb of the diagonal band of Broca and the nucleus basalis. It is neurons in the vertical diagonal band zone that provide the majority of the cholinergic input to the RSC. 44 Consistent with this anatomical observation, injection of clonidine (1 nmole) into the vertical limb of the diagonal band blocked 33% of the damage ipsilateral to the injection (P = 0.02; Figures 2e-h) . Injections of clonidine into the horizontal limb of the diagonal band (n = 5) provided less protection (24%; P = 0.03) consistent with the interpretation that this area provides a minor amount of cholinergic input to the RSC. 44 Injection of 1 nmole of clonidine into the medial septum (n = 6), which lies just superior to the vertical limb of the diagonal band, or injection into the nucleus basalis (n = 4) provided no protection (P Ͼ 0.25 for both). Injection into other areas was also ineffective (locus coeruleus (n = 4), nucleus accumbens (n = 7), anterior cingulate (n = 5); P Ͼ 0.25 for each site). These results indicate that the site of action of clonidine is in an area of brain that contains cholinergic cell bodies that project to the RSC.
Recreating NRHypo neurotoxicity by activating proximal receptor systems
Blockade of muscarinic, non-NMDA glutamatergic and sigma receptors in the RSC prevents MK801's neurotoxic action indicating that hyperactivation of each of these receptors may contribute to the mechanism by which NMDA antagonists injure RSC pyramidal neurons. However, it is unknown from these results whether hyperactivation of one, two or all three of these receptors would be sufficient for inducing the damage.
To determine if excessive activation of any one of these three receptors alone is sufficient to cause a vacuole reaction, we injected into RSC either the muscarinic agonist, carbachol, or a non-NMDA receptor agonist (either KA or AMPA), or (+) SKF-10,047. Neither carbachol, AMPA, KA, nor (+) SKF-10,047 reproduced NRHypo neurotoxicity (Table 1) . These results suggest that hyperactivation of just one of these receptor systems in the RSC region is not sufficient to produce the neurotoxic reaction.
In light of evidence that NMDA antagonists, when given sc, cause an excessive cerebrocortical release of both ACh 39, 45, 46 and Glu, 47, 48 we examined whether carbachol in combination with a non-NMDA Glu agonist (KA or AMPA) would reproduce the RSC neurotoxic reaction. The combined injection of carbachol and AMPA (5 nmoles + 1 nmole; or 5 nmoles + 0.1 nmoles) tended to produce either excitotoxic-like changes without the formation of vacuoles or no discernible pathology (Figure 4g and Figure 5) . Injections of the combination of carbachol and KA (5 nmoles + 1 nmole) produced a mild vacuole reaction but excitotoxic changes (ie swollen dendritic processes) were also present (data not shown). Lowering the dose of KA to 0.3 nmoles in the carbachol-KA cocktail resulted in a mild vacuole reaction ( Figure 5 ). Carbachol (5 nmoles) combined within even lower dose of KA (0.1 nmoles) induced an apparently stronger vacuole reaction (P = 0.06) with only minimal to no excitotoxic-like changes ( Figure 5 ). The histological changes produced by this combination occurred in layer III-IV pyramidal neurons (Figures 4e and 4f ) and was similar in quality to the changes that occur when NMDA antagonists are injected systemically (Figures 4c and d) . Further reductions in the amount of KA (0.03 nmoles) led to a diminution of severity of the neurotoxic reaction (P = 0.05; Figure 5 ). Maintaining the amount of KA at its optimum dose (0.1 nmole) while increasing carbachol to 10 nmoles or decreasing it to 1 nmole resulted in loss of the ability to produce the neurotoxicity ( Figure 5) .
The combined injection of (+)SKF-10,047 and carbachol or (+)SKF-10,047 and KA did not reliably reproduce the neurotoxic reaction (Table 1) . Finally, the injection of all three agents (SKF-10,047 + carbachol + KA (5 nmoles + 5 nmoles + 0.1 nmoles)) did reproduce the neurotoxicity ( Figure 5 ). The mean number of damaged neurons was not appreciably different from that seen with carbachol and KA (P = 0.8). Additional modifications of the amount of each agent did not produce a more robust vacuole response (data not shown). Thus, we conclude that hyperactivation of ACh and non-NMDA receptors on the RSC pyramidal neurons is probably the critical and final step in NRHypo neurotoxicity and that the sigma receptor may modify activity at either the ACh or non-NMDA receptor.
To determine whether the sigma receptor modifies , ip). If rimcazole affects the cholinergic arm, then unilateral injection of carbachol should override rimcazole's protective effect and allow the neurotoxicity to occur on the ipsilateral side, while the contralateral side would remain free from vacuoles, because rimcazole's action would still be operative on the contralateral side. A similar logic would apply to the KA injections. Carbachol-injected rats had significantly more neurotoxicity on the ipsilateral side vs the contralateral side (P = 0.02; Figure 6 ). In contrast the KA animals did not demonstrate any contra-ipsi-difference (P = 0.6; Figure 6 ). These findings suggest that rimcazole via a sigma site in the RSC may modulate the cholinergic arm of the circuit.
Thus, we conclude that simultaneous hyperactivation of both a muscarinic and non-NMDA Glu receptor on the same neuron results in NRHypo neurotoxicity. While the ability of carbachol+KA and not carbachol+AMPA to reproduce the neurotoxicity would seem to implicate a kianate receptor subtype, it is possible that KA produces the damage because AMPA receptors do not desensitize to KA but do desensitize to AMPA. To further explore the subtype of the non-NMDA receptor involved in NRHypo neurotoxicity, we examined whether cyclothiazide, which eliminates AMPA receptor desensitization, if added to the carbachol+AMPA cocktail, would enable the cocktail to produce NRHypo neurotoxicity. Adding cyclothiazide (75 nmoles (n = 9)) to the carbachol+AMPA (5 nmoles + 0.1 nmoles) cocktail resulted in an RSC neurotoxic reaction (Figures 4h and i) , whereas this combination of carbachol and AMPA alone did not (Figure 4g ). This result suggests that an AMPA preferring receptor might be involved in this neurotoxic syndrome. , ip). In addition either carbachol (5 nmol, n = 10) or KA (0.1 nmol, n = 9) was directly injected into the RSC. Ipsilateral = side of brain that received the injection of carbachol or KA. Contralateral = side of brain that did not receive the injection.
Molecular Psychiatry
Discussion
In prior studies involving systemic administration of pharmacological agents or microdialysis methods, significant clues had been gained regarding the general nature of the toxic process triggered by NMDA antagonists and the complex array of receptor mechanisms involved. Here we have explored in greater detail important aspects of the circuitry that mediates NRHypo neurotoxicity. The focus of our experiments was confined to the reversible reaction selectively affecting RSC neurons, the intention being to expand the focus to the more widespread irreversible reaction after gaining better insight into the reversible process.
In the present study, the first point addressed was whether a blocking action of an NMDA antagonist at NMDA receptors within the RSC is sufficient to trigger the RSC neurotoxic reaction, and the answer is clearly no. Although the neurotoxic reaction manifests selectively in neurons of the RSC, injection of the NMDA antagonist, MK801 directly into the RSC at doses calculated to block NMDA receptors throughout RSC did not reproduce the neurotoxic reaction. This signifies that it requires blockade of NMDA receptors at one or more sites outside the RSC to trigger this neurotoxic reaction.
Building on prior evidence that the RSC neurotoxic reaction can be blocked by systemic administration of antimuscarinic agents, we have now demonstrated that the RSC neurotoxic reaction can also be blocked by injecting the cholinergic muscarinic antagonist directly into the RSC, but not by injecting it into other nearby regions. Together with microdialysis evidence that systemic MK801 causes a sustained massive release of ACh in the RSC region, this finding supports the interpretation that hyperactivation of a muscarinic receptor plays an important role in mediating the neurotoxic reaction.
Based on a comparison of in vitro receptor binding affinities and in vivo neuroprotective potencies of muscarinic receptor antagonists, we tentatively conclude that it is the m 3 subtype of muscarinic receptor that mediates the neurotoxic reaction. This type of analysis is fraught with potential error due to the many variables that are different between the two types of data being compared. Several pharmacokinetic variables (eg different rates of penetration of blood-brain barriers and different elimination half-lives) will affect the in vivo neuroprotective potency data but not the in vitro receptor binding data. However, until new agonists and antagonists are developed that are highly selective for each muscarinic receptor subtype, this is the best approach available.
Based on recent evidence that NRHypo causes excitatory amino acid release in RSC, 42 and on our present finding that either systemic administration or direct intra-RSC injection of NBQX, a non-NMDA Glu receptor antagonist, blocks the RSC neurotoxic reaction induced by MK801, we propose that hyperactivation of a non-NMDA Glu receptor on the RSC neuron may be an additional critical component of the mechanism that mediates this neurotoxic reaction.
From the above information, it would be predicted that direct injection into the RSC of an agent that activates muscarinic receptors and/or an agent that activates non-NMDA glutamate receptors would locally reproduce NRHypo neurotoxicity. The present experiments revealed that direct RSC injection of either a muscarinic receptor agonist or a non-NMDA glutamate receptor agonist alone was not sufficient to reproduce the neurotoxic reaction. Since the simplest explanation for this result would be that it required hyperactivation of both a muscarinic and non-NMDA Glu receptor on the same neuron to reproduce the neurotoxic reaction in that neuron, we injected cocktails containing various amounts of a muscarinic agonist (carbachol) and a non-NMDA Glu agonist (AMPA or KA) and found that the reaction was faithfully reproduced by a combination of carbachol and KA, but not by carbachol and AMPA. While this would seem to implicate a KAreceptor subtype, one cannot be confident in this conclusion for the following reasons: (1) AMPA and KA receptor ligands show a very high degree of receptor cross-reactivity; (2) when AMPA or KA are applied continuously to AMPA-preferring receptors, a desensitization mechanism is triggered in response to AMPA but not to KA. 49, 50 For further clarification, we used cyclothiazide, an agent that is known to prevent AMPA receptor desensitization. Consistent with a role for an AMPA preferring receptor, we found that the addition of cyclothiazide to the carbachol+AMPA cocktail allowed the neurotoxic reaction to be expressed. It will be important to test new antagonists, when available, that show a high degree of specificity for AMPA vs KA receptor subtypes in order to determine whether AMPA receptors, KA receptors, or both are involved.
Any of several classes of agents that either mimic or potentiate the action of GABA at GABA A receptors, when administered systemically, are effective in protecting against NRHypo neurotoxicity, with benzodiazepines being less effective than barbiturates or GABAergic anesthetics. 13, 37, 51 This implies that GABA A receptors play a very important role. While the present experiments were not designed to identify the specific loci in the brain where the critical GABA A receptor interactions occur, the functional role(s) of the GABA A receptor must include regulation of the activity of cholinergic neurons because in microdialysis experiments we have shown that drugs that activate GABA A receptors prevent or reverse the action of MK801 in releasing ACh in the RSC. 39 We tentatively postulate that the locus of integration between GABAergic and cholinergic neurons is in the diagonal band region of the basal forebrain in that it is well established that there are clusters of GABAergic neurons that co-localize with and modulate the activity of magnocellular cholinergic neurons in all subregions of the basal forebrain.
Consistent with the above findings, we propose that the mechanism of NRHypo neurotoxicity is indirect, and involves a polysynaptic chain of events whereby blockade of NMDA receptors in multiple non-RSC brain regions results in excessive release of both ACh and glutamate at muscarinic (probably m 3 ) and AMPA/KA receptors, respectively, on RSC neurons. We propose that simultaneous excessive stimulation of RSC neurons by these two excitatory transmitters is the proximal mechanism by which neuronal injury occurs. As Figure 7 illustrates, the most likely type of wiring to explain how blockade of excitatory (NMDA) transmission can lead to release of excessive activity in both cholinergic and non-NMDA glutamatergic excitatory pathways, would be if the NMDA receptors are located on inhibitory neurons, and through these NMDA receptors glutamate tonically drives the inhibitory neurons, thereby maintaining tonic inhibitory restraint over the two excitatory pathways.
While the proposed circuitry is specific for the reversible neurotoxicity in the RSC, a similar disinhibition mechanism might underlie the more widespread degeneration seen in other corticolimbic brain regions Figure 7 Circuitry proposed to mediate NRHypo neurotoxicity. To explain NRHypo neurotoxicity in the RSC, we propose that Glu, acting through NMDA receptors on GABAergic and noradrenergic neurons, maintains tonic inhibitory control over two major excitatory pathways that convergently innervate RSC neurons. Systemic administration of an NMDA antagonist would block NMDA receptors, thereby abolishing inhibitory control over both of the excitatory inputs to the RSC neuron. The disinhibited excitatory pathways then would simultaneously hyperactivate the RSC neuron, which would create chaotic disruption of multiple intracellular signaling systems, thereby causing immediate derangement of cognitive functions subserved by the afflicted neurons (psychotomimetic effects), and reversible or irreversible neuronal injury, depending on how long the disruption lasts. Although our present findings do not clarify the origin of the glutamatergic cell bodies that project to the AMPA/KA receptors in the RSC, we postulate these cell bodies are located in the anterior thalamus because RSC is known to receive a dense glutamatergic projection from the anterior thalamus 73 and MK801-induced HSP72 expression in RSC can be prevented by injections of muscimol into the anterior thalamus. 74 This circuit diagram focuses exclusively on RSC neurons. We hypothesize that a similar disinhibition mechanism and similar but not necessarily identical neural circuits and receptor mechanisms mediate damage induced in other corticolimbic brain regions by sustained NRHypo. (+) = excitatory input; (−) = inhibitory input; ACh = acetylcholine; NE = norepinephrine; Glu = glutamate; GABA = ␥-amino butyric acid; ␣ 2 = ␣ 2 subtype of adrenergic receptor; G A = GABA A subtype of GABA receptor; m 3 = m 3 subtype of muscarinic cholinergic receptor; AMPA/KA = AMPA/KA subtype of Glu receptor; NMDA = NMDA subtype of Glu receptor; = sigma site.
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with more prolonged periods of NRHypo. Consistent with this proposal NMDA antagonists produce excessive release of Glu 42, 47, 48, 52 and ACh 45, 46, 53, 54 in multiple corticolimbic regions. The excessive release of neurotransmitters and subsequent overexcitation also might underlie the ability of NMDA antagonists (eg MK801, ketamine and PCP) to increase metabolism in several corticolimbic regions. [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] If the NRHypo circuitry is present in several corticolimbic regions, why then does the reversible neurotoxicity appear only in the RSC and not in the other regions? Because the dose response curve for inducing the neurotoxicity in the RSC is an inverted U-shape ( Figure 5 ), we suspect that the selectivity of the reversible neurotoxicity for the RSC is a function of the relative stimulation of the muscarinic vs non-NMDA receptor. Thus, other regions might not develop the reversible neurotoxicity because in these other regions there might be too much or too little Glu release compared to ACh release. The result would be the inability to produce the reversible neurotoxicity in these other regions with a low dose of an NMDA antagonist. However, higher doses would produce a severe enough disinhibitory state that irreversible degeneration would occur. Another possibility is that there could be subtle differences in the circuit. It will be important to explore these possibilities in future studies.
Previously we have found that systemically administered ␣ 2 adrenergic agonists, including clonidine, protect against NRHypo neurotoxicity 34 and can reverse the excessive release of Ach induced in RSC by NMDA antagonists. 39 However, because clonidine was not effective in reversing the excessive ACh release when it was directly injected into the RSC, we reasoned that clonidine suppresses ACh release in RSC by interacting with ␣ 2 adrenergic receptors on cholinergic elements outside of the RSC. An additional implication would be that the axon terminals given rise to ACh release do not originate from cholinergic neurons within RSC. Our present findings support the interpretation that clonidine's protective activity against the RSC neurotoxic reaction is due to an action in the diagonal band region of the basal forebrain where cholinergic cell bodies, which project to the RSC, are concentrated. We propose, therefore, that noradrenergic neurons in the locus coeruleus send axonal projections that terminate on ␣ 2 adrenergic receptors on basal forebrain cholinergic neurons, and modulate the activity of these neurons ( Figure 7) .
The exact role of sigma receptors remains unclear, but based on our present findings we propose that sigma receptor ligands influence NRHypo neurotoxicity by interacting in the RSC region with the cholinergic limb of the circuit. This interpretation is consistent with evidence that sigma ligands inhibit the stimulatory effects of cholinergic agents, including carbachol, on PI turnover. 69 Thus, in our model we have tentatively placed the sigma site adjacent to the muscarinic receptor (Figure 7 ). Other features of the proposed circuitry (eg, location of 5HT 2A receptors and location of glutamatergic cell bodies that project to the AMPA/KA receptor) remain to be elucidated.
Our findings contribute to an improved understanding of the mechanisms by which an NRHypo state can result in neurotoxicity and psychosis. These findings, therefore, may have practical significance in relation to disease processes putatively mediated by an NRHypo mechanism (eg, Alzheimer's disease, and idiopathic psychotic disorders). While a detailed discussion of the putative role of an NRHypo mechanism in these disease processes is beyond the scope of the present writing, this information has recently been reviewed. [70] [71] [72] Improved understanding of the circuitry underlying NRHypo neurotoxicity may also provide insights into methods for preventing the psychotomimetic and neurotoxic actions of NMDA antagonist drugs, and thereby allow the considerable therapeutic potential of these drugs to be realized.
